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  1 
GENERAL INTRODUCTION 
 
Sake is a traditional Japanese alcoholic beverage.   The process of sake brewery is 
called “multiple parallel fermentation”, since saccharification of rice starch takes place 
in association with fermentation in open tanks (Fig. 1).   The premium sake “Ginjo” is 
characterized by fruity flavor from the ester compounds like isoamyl acetate, and is 
generally produced by means of a long-term fermentation at low temperature.   Sake 
yeast generates these flavor compounds during the process of “moromi” (sake mash) 
production.    
The content of isoamyl acetate is very important for the evaluation of sake flavor.   
Alcohol acetyltransferase (AATase) ultimately participates in the synthesis of this flavor 
compound using isoamyl alcohol and acetyl-CoA as substrates (Yoshioka and 
Hashimoto, 1981).   Isoamyl alcohol is synthesized from either α-keto isocaproate that 
appears in the pathway of L-leucine synthesis or directly from L-leucine through 
transamination (Fig. 2).   The synthesis of L-leucine is negatively regulated due to a 
feedback inhibition by itself at the step of α-isopropyl malate synthesis (Fig. 2).   A 
mutant resistant to the L-leucine analog 5, 5, 5-trifluoro-DL-leucine (TFL) accumulates 
isoamyl alcohol due to a loss of feedback inhibition in the L-leucine biosynthetic 
pathway, resulting in an increase in the level of isoamyl acetate production (Ashida et 
al., 1987).   The content of isoamyl alcohol should therefore affect the rate of isoamyl 
acetate synthetic reaction, but its accumulation negatively regulates the flavor 
compound production in sake as to reduce the quality of this alcohol beverage.   
AATase plays an important role in increasing isoamyl acetate content in sake mash 
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under the condition where the level of isoamyl alcohol production is kept within a 
limited extent.   AATase activity is inhibited by various factors such as the existence 
of unsaturated fatty acids and incubation at high temperature (Yoshioka and Hashimoto, 
1981).   Therefore, the rice used in the manufacture of “Ginjo” is substantially 
polished to remove unsaturated fatty acids localized in the outer layer of rice granule at 
a very low temperature.   The process of “Ginjo” manufacture needs time and cost 
more than those required for production of the ordinary grade sake.   It is important to 
choose the sake yeast strain, which is superior to others with respect to the productivity 
of AATase as well as the regulation of the enzyme activity for the improvement of 
“Ginjo” production.    
1-Farnesylpyridinium (FPy) is an analog of isoprenoid farnesol, in which the acyclic 
hydrocarbon cannot serve as a precursor or substrate in the pathway for ergosterol 
synthesis or protein farnesylation (Fig. 3).  FPy is thus expected to inhibit the function 
of some oncogene products such as Ras in malignant tumor cells (Fig. 4).   Such a 
structural modification of farnesol resulted in a marked elevation of apoptosis-inducing 
activity against human leukemia HL-60 (Fig. 5).   It is highly likely that FPy affects 
the production of isoamyl acetate by sake yeast via its regulatory effect on cellular 
AATase activity because ATF1, encoding this enzyme protein, is possibly under the 
control of the Ras/cAMP signaling pathway (Verstrepen et al., 2003).    
AATase is a sulfhydryl enzyme and thus the enzyme activity is directly inhibited by 
some heavy metal ions like Cu2+ (Yoshioka and Hashimoto, 1981).   Cu2+ accelerates 
the generation of reactive oxygen species such as hydroxyl radicals, which results in 
lethal damage due to plasma membrane peroxidation in addition to the oxidation of 
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proteins and other macromolecules (Fig. 6).   Cu2+-resistant phenotype thus may affect 
the fatty acids composition of the plasma membrane in sake yeast strain as to reduce the 
content of unsaturated fatty acids as a molecular target of the ion for acceleration of 
phospholipids peroxidation.   This phenotype may also accompany an increased 
productivity of AATase because of the susceptibility of its sulfhydryl group to oxidation 
reaction accelerated in Cu2+-treated cells.    
 In this study, my attention was paid to the FPy-resistant phenotype of sake yeast 
strains as well as its relation to the elevation of AATase activity.   Indeed, various 
strains with increased capability of isoamyl acetate production were found among those 
with FPy-resistant phenotype, in which AATase activity was detected as a higher level 
than that in the parent strain.   “Ginjo” manufacture has been successfully achieved by 
using one of these FPy-resistant mutant strains.    This mutant, strain A1, was 
characterized by the additional phenotype such as Cu2+-resistance, suggesting a 
relationship between a mechanism involved in the regulation of cellular resistance to 
each of these cytotoxic compounds.   This finding therefore made me to directly 
isolate mutants with a Cu2+-resistant phenotype.   Among 8 Cu2+-resistant mutants 
isolated, 4 strains are simultaneously characterized by the FPy-resistant phenotype as in 
the case with strain A1, whereas the other 4 strains still remained sensitive to this 
isoprenoid derivative.   The fact suggests the possibility that the Cu2+-resistant 
phenotype arises from at least two different genetic backgrounds.   This thesis 
ultimately focuses its attention to Cu2+-resistant strain Cu7 because of its FPy-resistant 
phenotype as well as the highest E/A value in the practical sake production.       
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Fig. 2. Pathways for isoamyl alcohol and isoamyl acetate syntheses. 
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Fig. 5. Apoptosis-inducing activity of FPy against human leukemia HL-60 cells. 
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I.   Improved production of isoamyl acetate by a sake yeast mutant 
resistant to an isoprenoid analog and its dependence on alcohol 
acetyltransferase activity, but not on isoamyl alcohol production 
 
I-1. Introduction 
   Isoamyl acetate is a valuable flavor component in sake brewing, in which alcohol 
acetyltransferase (AATase; EC 2.3.1.84) ultimately participates in its synthesis using 
isoamyl alcohol and acetyl-CoA as substrates (Yoshioka and Hashimoto, 1981).  The 
production of isoamyl acetate by sake yeast has been improved on the basis of 
mutagenesis or gene manipulation.   A mutant resistant to the L-leucine analog 5, 5, 
5-trifluoro-DL-leucine (TFL) accumulates isoamyl alcohol due to a loss of feedback 
inhibition in the L-leucine biosynthetic pathway, resulting in an increased isoamyl 
acetate production (Ashida et al., 1987).  Yanagiuchi et al. (1989) isolated sake yeast 
mutants, in which esterase activity is highly repressed in favor of isoamyl acetate 
accumulation.   The corresponding esterase gene (EST2) was cloned and its disruption 
indeed improved the production of isoamyl acetate (Fukuda et al., 1996, 1998). 
   The regulation of cellular AATase activity seems to more directly improve flavor 
compound production by sake yeast, since isoamyl alcohol is generally produced at the 
level much higher than isoamyl acetate production (Ashida et al., 1987).  Plasma 
membrane components such as unsaturated fatty acids and ergosterol inhibit isoamyl 
acetate production in brewer’s yeast by interfering with AATase activity directly or by 
repressing the expression of the ATF1 gene encoding the enzyme protein (Fujii et al., 
1994, 1997; Yoshioka and Hashimoto, 1981, 1983).  The critical dependence of 
isoamyl acetate production on AATase activity was confirmed by the overexpression as 
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well as the disruption of ATF1, which is possibly under the control of the Ras/cAMP 
signaling pathway, cellular amino acid metabolism and a protein kinase Sch9p 
(Fujiwara et al., 1999; Verstrepen et al., 2003a, 2003b).    
   1-Farnesylpyridinium (FPy) is an analog of isoprenoid farnesol, in which the acyclic 
hydrocarbon cannot serve as a precursor or substrate in the pathway for ergosterol 
synthesis or protein farnesylation (see Fig. 3).  FPy is thus expected to inhibit the 
function of some oncogene products such as Ras in malignant tumor cells, and indeed 
our previous study revealed its unique tumor suppressive activity in human 
promyelocytic leukemia HL-60 cells (Hamada et al., 2002).   It is therefore highly 
likely that FPy affects the production of flavor compounds such as isoamyl acetate by 
sake yeast via its regulatory effect on cellular AATase activity.    
   In the present study, I found an inhibitory effect of FPy on the production of flavor 
compounds by sake yeast and thereby isolated mutants resistant to FPy on the 
assumption that some FPy resistance phenotypes accompany a greater capability for 
isoamyl acetate production.   The process of flavor compound production by 
FPy-resistant strain A1 was analyzed in relation to cellular AATase activity.    
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I-2. Materials and Methods 
I-2-1. Strain, media, and measurement of cell growth 
   Sake yeast strain 2NF was a culture of Kyoto Municipal Institute of Industrial 
Technology and Culture (Kyoto) and was used throughout this study.   Unless stated 
otherwise, YPD medium contained 2% glucose, 2% polypepton and 1% yeast extract, 
whereas YNB medium contained 0.67% yeast nitrogen base (Difco, Sparks, MD, USA) 
and 2% glucose.   Cells of strain 2NF and its FPy-resistant mutants were grown in 
either YPD or YNB medium at 30°C for 3 days without aeration and were inoculated 
into freshly prepared medium at a density of 106 cells/mL.   Cells were further grown 
under the same conditions in the presence or absence of each drug at the indicated times 
for measurement of cell growth by the turbidity method (Machida et al., 1998). 
 
I-2-2. Isolation of FPy-resistant mutants 
   Strain 2NF cells were grown in YPD medium containing 120 µM FPy at 30°C 
without aeration.   After 4 days incubation, cells of spontaneously generated 
FPy-resistant mutants, which gave a certain turbidity increase, were appropriately 
diluted with sterile distilled water and plated onto YPD agar medium (3.0% agar).   
Thirty single colonies were isolated and plated again on the medium containing 120 µM 
FPy so that 10 strains with marked colony-forming capabilities were selected and 
inoculated into koji extract medium (Asano et al., 1999) for the evaluation of flavor 
compound production by a sensory test.   These procedures for the isolation of 
FPy-resistant mutants were repeated four times and in each cycle every strain was found 
to produce aromatic flavor compounds at high levels after 5 days of incubation at 15°C.   
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FPy-resistant strains A1 and A2 were independently isolated in different cycles of the 
above isolation experiment. 
 
I-2-3. Analyses of flavor compounds 
Cells were inoculated into 10 mL of YPD medium, in which the glucose 
concentration was adjusted to 5%, at a density of approximately 3 x 105 cells/mL and 
were grown at 15°C without aeration in the presence or absence of 30 µM FPy until 
CO2 production exceeded 0.23 g in each medium.   Flavor compounds were then 
measured by head space gas chromatography using a Shimadzu (Kyoto) GC-17A gas 
chromatograph equipped with a capillary column of DB-WAX (J & W Scientific, 
Folsom, CA, USA) after pretreatment of each sample at 50°C for 30 min. 
 
I-2-4. Assay of AATase 
   AATase activity was assayed using intact cells according to the methods of Yoshioka 
and Hashimoto (1981) and Kuriyama et al. (1986a) as follows.  Cells were grown in 
YPD medium (5% glucose) at 15°C for the indicated times without aeration, then 
collected by centrifugation and suspended in 100 mM Tris-HCl buffer (pH 7.5) 
containing 45 mM isoamyl alcohol and 0.8 mM acetyl-CoA.   The cell density in the 
reaction mixture (1.5 mL) was adjusted to 20 - 100 mg wet cells/mL depending on the 
range of AATase activity and each cell suspension was incubated at 25°C for 60 min 
with gentle shaking.   After the addition of 1 g NaCl to stop the reaction, the 
supernatant of each cell suspension was analyzed for its content of isoamyl acetate as 
described above.  One unit of AATase activity was defined as the amount of enzyme 
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that produced 1 nmol isoamyl acetate for 60 min under the above conditions. 
 
I-2-5. Sake brewing test 
   The sake brewing test was performed in a mixture of steamed rice (170 g) with a 
polishing ratio of 50%, rice koji (34 g) and 209 mL of water at a maximum temperature 
of 13°C.   Alcohol fermentation products were analyzed according to the directions of 
the National Tax Administration of Japan (Okazaki, 1993).    
 
I-2-6. Chemicals 
   FPy was synthesized as already described (Hamada, 2002).   Clotrimazole (CTZ) 
and L-canavanine were products of Sigma (St. Louis, MO, USA).   TFL was a product 
of Lancaster (Morecambe, Lancashire, UK).   Other commercially available chemicals 
were of analytical reagent grade. 
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I-3. Results and Discussion 
 
I-3-1. Effects of FPy on growth and fermentation of sake yeast 
   As deduced from apoptosis-inducing activity in mammalian cells, FPy was likely to 
inhibit yeast cell growth via an inhibitory effect on a certain signal transduction 
pathway (Hamada, 2002).   As shown in Fig. 1-1A, the growth of strain 2NF was only 
slightly repressed in medium with 30 µM FPy but it was absolutely inhibited in medium 
with 60 µM FPy.   Unlike the pattern of growth inhibition by a typical antifungal 
agent, however, parent cells could initiate cell division at a growth rate comparable to 
that of untreated cells after a 24 h resting period.   The result suggests that FPy was 
permissive for the overall mechanism essential for cell growth but it was inhibitory to 
cellular responses to nutrient signals such as that initiating cell division.   Cells of 
FPy-resistant strain A1 could grow even in medium containing 120 µM FPy, although 
the cell growth was slightly inhibited by FPy in a dose-dependent manner (Fig. 1-1B).   
Strain A2 showed a similar growth pattern depending on its FPy resistance phenotype in 
FPy-containing medium (data not shown).  
   I then compared flavor compound production by strains 2NF, A1, and A2 in medium 
with or without 30 µM FPy, in which cells of strain 2NF could grow without marked 
inhibition by the isoprenoid analog.   As summarized in Table 1-1, cells of 
FPy-resistant strain A1 produced ethyl acetate and isoamyl acetate in addition to ethyl 
caproate at markedly high levels in YPD medium in which isoamyl acetate was detected 
at a level 2.9-fold that produced by the parent strain 2NF.   The levels of isobutyl 
alcohol and isoamyl alcohol produced by strains A1 remained almost unchanged in 
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comparison with those of the parent strain.   Strain A2 was also characterized by the 
higher ester production, except for ethyl caproate, although ethyl acetate and isoamyl 
acetate productions were lower than those by strain A1.    
   The presence of FPy totally affected the flavor compound production by strain 2NF, 
resulting in a predominant repression in the production of both ethyl acetate and 
isoamyl acetate, as reflected by the ratio of isoamyl acetate to isoamyl alcohol (E/A 
ratio) which decreased to 33% of the control level.   The presence of FPy weakly 
inhibited or did not affect the production of these acetates and these alcohols by strains 
A1 and A2.   Their E/A ratios thus remained higher than that of the parent strain even 
in YPD medium alone, suggesting the involvement of a mechanism that governs yeast 
fermentation in favor of isoamyl acetate production in the FPy resistance phenotype.    
   These findings may also support the idea that FPy interferes with a mechanism of 
the regulation of branched-chain amino acid metabolism, thereby repressing the 
branched-chain alcohol synthetic reaction as well as the subsequent synthesis of acetate.  
This means that the FPy resistance phenotype arises from a genetic event that can 
constitutively stimulate the metabolic pathway leading to the synthesis of isoamyl 
acetate.    
 
I-3-2. Drug resistance of FPy-resistant strain 
   The sake brewing process has been improved with respect to fermentative activity as 
well as flavor compound production using mutant strains with each of the various 
drug-resistant phenotypes.   CTZ is an antifungal drug that can exhibit an inhibitory 
effect on the ergosterol biosynthetic reaction and a disruptive effect on the yeast plasma 
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membrane via direct interaction with unsaturated fatty acids (Yamaguchi, 1977; 
Yamaguchi and Iwata, 1979).   Watanabe (2002) isolated a strain of sake yeast with a 
predominant fermentative activity among various CTZ-resistant mutants and attributed 
the CTZ-resistant phenotype to multidrug resistance due to the overproduction of an 
ATP-binding cassette transporter.   The FPy-resistant strains may share a similar type 
of drug resistance, as deduced from the structural analogy of FPy to an intermediate of 
yeast ergosterol biosynthesis. 
   α-Keto isocaproate is a common precursor in the biosynthetic reactions of L-leucine 
and isoamyl alcohol, and its de novo synthesis from glucose is negatively regulated due 
to a feedback inhibition by L-leucine at the step of α-isopropyl malate synthesis 
(Satyanarayana et al., 1968).   Thus, isoamyl alcohol production was markedly 
enhanced with the accompanying improvement of isoamyl acetate production in a 
mutant resistant to TFL, an L-leucine analog, which is eliminated from feedback 
inhibition by accumulated L-leucine (Ashida et al., 1987).    On the other hand, Akita 
et al. (1989) isolated a mutant resistant to L-canavanine, an analog of L-arginine, with a 
predominant ability for L-leucine uptake and found an additional ability to produce 
isoamyl alcohol and isoamyl acetate at high levels together with an increase of cellular 
AATase activity.   The FPy resistance phenotype would be due to a genetic event, 
which confers cellular resistance to either TFL or L-canavanine. 
We therefore compared the ability of the parent strain and FPy-resistant strain A1 to 
grow in medium supplemented with each of these drugs.   As shown in Table 1-2, the 
growth of the parent cells was repressed in medium containing 15 µM CTZ and was 
completely inhibited in the presence of this antifungal agent at 30 µM.   No sign of 
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cell growth was observed in the medium containing TFL or L-canavanine at 50 µM.   
The growth of the FPy-resistant strain A1 was completely inhibited in medium 
containing 15 µM CTZ, 25 µM TFL or 50 µM L-canavanine, representing the 
involvement of an unknown genetic event in the FPy resistance phenotype.   A mutant, 
resistant to cerulenin, an inhibitor of yeast fatty acid synthetase, can produce caproic 
acid as well as ethyl caproate at high levels (Ichikawa et al., 1991).   The FPy 
resistance phenotype of strain A1 could not be explained by such a mutation.    
 
I-3-3. Time courses of production of isoamyl alcohol, isoamyl acetate and AATase 
    It seems important to precisely analyze the time course of isoamyl acetate 
production together with that of isoamyl alcohol production to specify the mutational 
site that enable the improvement of flavor compound production in the FPy-resistant 
strain.   As shown in Fig. 1-2A, isoamyl alcohol production by FPy-resistant strain A1 
followed that of the parent strain after 2 days of incubation so that the maximum yield 
was similarly attained at approximately 90 mg/L after 5 to 6 days of incubation.   
Conversely, the optimal isoamyl acetate production by the parent strain was at 
approximately 1.1 mg/L at 4 days of incubation and its production was negatively 
regulated during further incubation possibly due to the inducible production of esterase, 
as shown in Fig. 1-2B.   The production of isoamyl acetate by the FPy-resistant strain 
was extremely high after 3 days of incubation, in which the optimum yield was 
threefold that attained by the parent strain.   These results revealed the dependence of 
the improved production of isoamyl acetate by strain A1 on the synthesis of isoamyl 
acetate itself, but not on the preceding reactions providing isoamyl alcohol. 
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   In addition to isoamyl alcohol production, cellular AATase activity should be a 
rate-limiting factor in the isoamyl acetate synthetic reaction since acetyl-CoA is 
sufficiently available when cells are grown in medium containing glucose.  We 
therefore examined the changes in cellular AATase activity, which is generally regulated 
by the external amino acid concentration, during the course of isoamyl acetate 
production (Akita et al., 1987).   As shown in Fig. 1-3C, cellular AATase activity 
remained within a very limited range in the parent strain at 2 days of incubation and 
increased in parallel with isoamyl alcohol production.   The enzyme activity decreased 
after 4 days of incubation along with a decrease in isoamyl acetate production.   In the 
FPy-resistant strain A1, AATase activity was high even at 2 days of incubation, 
suggesting AATase production via the induction of ATF1 gene expression in the absence 
of isoamyl alcohol accumulation.   The enzyme activity could be further increased in 
response to the accumulation of isoamyl alcohol in medium, whereas it was reduced to 
the original level after 4 days of incubation.   We consider a genetic event that governs 
the mechanism of inducible production of AATase to be a cause of the increase in 
isoamyl acetate production by the FPy-resistant strain A1. 
 
I-3-4. Sake brewing test using FPy-resistant strain 
   We finally examined whether or not the production of flavor compounds could be 
improved using strain A1 in a sake brewing test on a laboratory scale.   As 
summarized in Table 1-3, the FPy-resistant strain was found to have reasonable 
fermentation properties in terms of general parameters such as ethyl alcohol productivity, 
acidity and amino acidity (1.1 mL) comparable to those of the parent strain.   The 
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FPy-resistant strain showed a 1.4-fold increase in isoamyl acetate production, although 
isoamyl alcohol was detected at a lower level in comparison with that of the parent 
strain. 
The E/A ratio has been used as a standard index for the evaluation of sake flavor, in 
which a high E/A ratio generally represents excellent quality in terms of sensory 
evaluation.  Therefore, such an evaluation is not possible when isoamyl acetate 
production increases in parallel with increasing isoamyl alcohol production.   In 
addition to isoamyl acetate, ethyl caproate was a predominant flavor compound detected 
in sake brewing using strain A1 (see Table 1-3).   Ethyl caproate synthesis is likely 
catalyzed by either alcohol acyltransferase or a certain esterase using caproic acid as a 
precursor (Kuriyama et al., 1986b).   The rate of ethyl caproate synthesis indeed 
depends on the rate of cellular caproic acid production, suggesting that one of these 
enzymatic activities remains at a high level during the growth of strain A1 in YPD 
medium.   However, it remains to be solved how the FPy resistance phenotype is 
related to the mechanism for accelerating the ethyl caproate synthetic reaction since this 
flavor compound was not highly produced by FPy-resistant strain A2 with a lower 
ability of isoamyl acetate production (see Table 1-1).   
   In this study, I isolated a mutant of sake yeast with the FPy resistance phenotype, in 
which the cellular production of flavor compounds such as isoamyl acetate could be 
improved depending on AATase activity, but not on the accumulation of isoamyl alcohol.   
There seems to be an upstream regulatory mechanism that commonly governs cellular 
AATase activity and adaptation to FPy-induced events.   To my knowledge, this is the 
first report on the isolation of a yeast mutant with an altered activity of AATase except 
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for those strains generated by gene manipulation techniques (Verstrepen et al., 2003a).   
FPy-resistant strain A1 is presently used for sake brewing on a pilot scale. 
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I-4 Conclusion 
1-Farnesylpyridinium (FPy), an analog of isoprenoid farnesol, strongly inhibited the 
growth of sake yeast at 120 µM in YPD medium, whereas at 30 µM it reduced cellular 
production of isoamyl acetate to 20% of the control level despite the absence of 
inhibitory effect on CO2 evolution.   The FPy-resistant mutant A1 was characterized 
by the high production of flavor compounds represented by a nearly threefold increase 
in the level of isoamyl acetate in YPD medium in which the level of isoamyl alcohol as 
its precursor remained almost unchanged.   The FPy resistance phenotype of strain A1 
was not accompanied by cellular resistance to either the L-leucine analog or 
L-canavanine, which alters yeast amino acid metabolism in favor of isoamyl alcohol 
production.  Alcohol acetyltransferase (AATase) activity was high in strain A1, which 
further increased in response to isoamyl alcohol accumulation in medium.   Flavor 
compound production in sake brewing could be improved using strain A1, resulting in a 
1.4-fold increase in isoamyl acetate production in spite of a limited production of 
isoamyl alcohol. 
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Fig. 1-1. Growth inhibitory effects of FPy on cells of parent strain 2NF 
(A) and FPy-resistant mutant A1 (B).   Cells were grown in YPD 
medium containing FPy at 0 (open circles), 30 (closed circles), 60 
(open squares), and 120 µM (closed squares).    
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Fig. 1-2. Time courses of production of isoamyl alcohol (A), isoamyl 
acetate (B) and AATase (C) by cells of parent strain 2NF (open circles) 
and FPy-resistant mutant A1 (closed circles) grown in YPD medium 
containing 5% glucose. 
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TABLE 1-1. Fermentation products of parent strain 2NF and FPy-resistant mutants A1 
and A2 in YPD medium containing 5% glucosea 
Strain Addition Ethyl Ethyl  Isobutyl Isobutyl Isoamyl Isoamyl Ethyl E/Ab 
 of FPy alcohol acetate alcohol acetate alcohol acetate caproate 
  (µM)  (%)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  (mg/L)    
 
2NF 0 3.2 6.2 31.3 ND 86.6 1.0 0.4 1.2 
 30 3.2 2.5 26.5 ND 49.2 0.2 ND 0.4 
A1 0 3.1 14.4 31.9 0.2  94.1  2.9 1.0 3.1 
 30 3.2 10.1 29.0 0.2  82.5  2.0 0.5 2.4 
A2 0 3.2 8.8 29.3 ND 89.0 1.7 0.3 1.9 
 30 3.1 9.2 30.2 ND 79.4 1.4 0.4 1.8 
 
a Ferrmentation experiments were carried out in 20-mL glass vials which contained 10 
mL of medium at 15°C without aeration and fermentation products were analyzed when 
CO2 evolution amounted 0.23 g in each experiment. 
b E/A indicates the ratio of isoamyl acetate to isoamyl alcohol. 
ND, Not detected. 
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TABLE 1-2. Sensitivities to CTZ, TFL, and L-canavanine of parent strain 2NF and 
FPy-resistant mutant A1a 
 Growth 
Strain CTZ (µM) TFL (µM)  L-Canavanine (µM)  
 0 15 30 60 0 25 50 100 0 25 50 100 
 
2NF ++ + - - ++ ++ - - ++ + - - 
A1 ++ - - - ++ - - - ++ + - - 
 
a Cells were grown in YPD medium containing CTZ or YNB medium containing TFL 
or L-canavanine at the indicated concentrations at 30°C for 40 h.   Cell growth is 
indicated by turbidity increase at 610 nm as follows: ++, >5.0; +, 1.0 to 5.0; +, 0.50 to 
1.0; -, <0.5. 
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TABLE 1-3. Analyses of final fermentation products of sake brewing using parent strain 
2NF and FPy-resistant mutant A1 
Strain Ethyl Acidity Ethyl Isobutyl Isobutyl Isoamyl Isoamyl Ethyl E/Aa 
 alcohol  acetate alcohol acetate alcohol acetate caproate 
  (%) (mL)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  
 
2NF 17.8 2.5 91 196 0.5 340 5.1 0.5 1.5 
A1 17.3 2.7 140 158 0.5 289 7.0 1.0 2.4 
 
a E/A indicates the ratio of isoamyl acetate to isoamyl alcohol. 
 
 
 
 
  33 
II.   Isolation of a copper-resistant sake yeast mutant with improved 
flavor compound production    
 
II-1. Introduction 
   Alcohol acetyltransferase (AATase; EC 2.3.1.84) is an enzyme that catalyzes the 
reaction of isoamyl acetate synthesis using isoamyl alcohol and acetyl-CoA as 
substrates (Yoshioka and Hashimoto, 1981).   It is important to confirm the 
physiological conditions affecting this enzyme activity in sake, a traditional Japanese 
alcoholic beverage, brewing where isoamyl acetate is considered to be a valuable flavor 
compound.   AATase is a sulfhydryl enzyme and thus the enzyme activity is directly 
inhibited by some heavy metal ions and sulfhydryl-reactive reagents.   Plasma 
membrane components such as unsaturated fatty acids, ergosterol, and 
phosphatidylinositol also inhibit AATase activity directly or indirectly by inhibiting the 
expression of the ATF1 gene encoding the enzyme protein (Fujii et al., 1997; Furukawa 
et al., 2003; Yoshioka and Hashimoto, 1981, 1986).   The critical dependence of 
isoamyl acetate production on this enzyme was later confirmed by its overexpression as 
well as the disruption of ATF1, which is possibly under the control of the Ras/cAMP 
signaling pathway (Verstrepen et al., 2003a, 2003b).   The ATF2 gene encodes AATase 
the same as the ATF1 gene, though Atf2p produces less isoamyl acetate and ethyl 
acetate than Atf1p (Verstrepen et al., 2003a).   Sahara et al. (2009) constructed an 
industrially applicable sake yeast strain that overproduced isoamyl acetate by placing 
the ATF2 genes under the control of the promoter of SED1.    
   In our previous study, sake brewing was achieved with favorable isoamyl acetate 
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production using various mutant strains isolated from the sake yeast strain 2NF on the 
basis of their resistance to 1-farnesylpyridinium (FPy), an analog of isoprenoid farnesol 
(Hirooka et al., 2005).   FPy-resistant strain A1 was characterized by the elevation of 
AATase activity during the overall process of alcohol fermentation.  FPy was 
originally synthesized as a derivative of isoprenoid farnesol, a typical 
apoptosis-inducing agent in mammalian cells (Huang et al., 1994; Melnykovych et al., 
1992, Ohizumi et al., 1995).   Such a structural modification of farnesol resulted in a 
marked elevation of apoptosis-inducing activity against human leukemia HL-60 cells as 
well as a growth inhibitory activity against the fission yeast Shizosaccharomyces pombe 
(Hamada et al., 2002, 2006).    
   It is still unknown how the FPy-resistant phenotype of strain A1 is related to the 
elevation of AATase.   In the present study, we focused our attention on heavy metal 
ions like Cu2+ as one of the negative effectors of AATase, and identified the involvement 
of a Cu2+-resistant phenotype of strain A1.   This led me to newly conduct a screening 
experiment for the isolation of Cu2+-resistant mutants from the parent strain 2NF, and 
we could indeed isolate mutant strains with the expected elevation of AATase activity at 
a high frequency.   Among them, strain Cu7 was characterized by the highest capacity 
of isoamyl acetate production in medium where isoamyl alcohol as its precursor was 
accumulated to the lowest extent. 
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II-2. Materials and Methods 
II-2-1. Strains, media, and measurement of cell growth    
   A sake yeast strain 2NF was selected as a non-foaming mutant of Koshi No. 2, 
which was originated from Kyokai No. 7 (Hirai, 1970).   Cells of the parent strain 
2NF and its mutants were used throughout this experiment.  Unless stated otherwise, 
cells were grown in YPD medium, which contained 2% glucose, 2% polypeptone, and 
1% yeast extract, at 30°C for 3 days without aeration, and were used to inoculate freshly 
prepared medium at a density of 106 cells/mL.   Cells were further grown under the 
same conditions in the presence or absence of CuSO4 at various concentrations for the 
measurement of cell growth employing the turbidity method (Machida, 1998).    
  
II-2-2. Isolation of Cu2+-resistant mutants    
   Cells of the parent strain 2NF were grown in YPD medium containing 8 mM Cu2+ at 
30°C without aeration.   After 4 days incubation, cells of spontaneously generated 
Cu2+-resistant mutants yielded a certain turbidity increase, and were plated onto YPD 
agar medium (3.0% agar) after appropriate dilution.   Thirty single colonies were 
isolated and plated again on to the above plate, and 8 strains with marked 
colony-forming abilities were chosen for further experiments.    
 
II-2-3. Analyses of flavor compounds     
   Cells from a 3 days culture were used to inoculate 10 mL of YPD medium, in which 
the glucose concentration was adjusted to 5%, at a density of 106 cells/mL, and were 
grown at 15°C without aeration until CO2 production exceeded 0.18 g in each medium.   
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Flavor compounds were then measured by head space gas chromatography using a 
Shimadzu GC-17A gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a 
capillary column of DB-WAX (J & W Scientific, Folsom, CA, USA) after the 
incubation of each sample at 50°C for 30 min. 
 
II-2-4. Assay of AATase    
   AATase activity was assayed using intact cells as follows.  Cells were grown in 
YPD medium (5% glucose) at 15°C for the indicated times without aeration, collected 
by centrifugation, and suspended in 100 mM Tris-HCl buffer (pH 7.5) containing 45 
mM isoamyl alcohol and 0.8 mM acetyl-CoA.   The cell density in the reaction 
mixture (0.5 mL) was adjusted to 3-7 x 106 cells/mL because of the sensitivity of this 
activity assay, and each cell suspension was incubated at 25°C for 60 min.   After the 
addition of 1 g of NaCl to stop the reaction, the supernatant of each cell suspension was 
analyzed for its content of isoamyl acetate as described in the above section.  One unit 
of AATase activity was defined as the amount of enzyme that produced 1 nmol of 
isoamyl acetate in 60 min under these conditions. 
    
II-2-5. Sake brewing test 
   A sake brewing test was performed using a mixture of steamed rice (170 g), rice koji 
(34 g), and 209 mL of water at the maximum temperature of 15°C.   Alcohol 
fermentation products were analyzed according to the directions of the National Tax 
Administration of Japan (Okazaki, 1993).    
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II-2-6. Chemicals    
   All chemicals used in this study were commercially available products of analytical 
reagent grade.    
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II-3. Results and Discussion 
II-3-1. Cu2+-resistant phenotype of FPy-resistant mutant    
   Heavy metal ions like Cu2+ inhibit AATase activity directly by interacting with the 
sulfhydryl group of the enzyme or indirectly by an unknown mechanism (Yoshioka and 
Hashimoto, 1981).  I therefore examined whether the FPy-resistant mutant A1 is 
additionally characterized by a Cu2+-resistant phenotype as a cause of the elevation of 
AATase activity.   As shown in Fig. 2-1, the presence of Cu2+ clearly inhibited the 
growth of the parent strain 2NF at 6 mM, but this divalent cation still allowed the 
growth of strain A1.   As shown in Table 2-1, the presence of Cu2+ inhibited the 
production of isoamyl acetate by strain A1, as is the case with its inhibitory effect on 
yeast cell growth (Fig. 2-1).    However, such an inhibition cannot be attributed to the 
Cu2+-mediated inhibition of AATase activity since the level of isoamyl alcohol 
production was also markedly reduced, possibly affecting the rate of the isoamyl acetate 
synthetic reaction catalyzed by AATase.   As a result, the E/A ratio was kept at a level 
comparable to the value in the control experiment, suggesting that AATase is produced 
at an elevated level in cells of strain A1.   This was also supported by the level of ethyl 
acetate production markedly elevated in the Cu2+-containing medium.    
 
II-3-2. Flavor compound production by Cu2+-resistant mutants    
Among 8 Cu2+-resistant mutants, 4 strains (Cu2, Cu3, Cu4, Cu7) are simultaneously 
characterized by the FPy-resistant phenotype as in the case with strain A1, whereas the 
other 4 strains (Cu1, Cu5, Cu6, Cu8) still remained sensitive to this isoprenoid 
derivative.   This suggests the possibility that the Cu2+-resistant phenotype arises from 
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at least 2 different genetic backgrounds.  I thus examined the relationship between the 
Cu2+-resistant phenotype and the mode of flavor compound production using these 
Cu2+-resistant strains.   As summarized in Table 2-2, the mutant strains were all 
characterized by the elevation of the level of ethyl acetate production as well as isoamyl 
acetate production to varying extents.   The levels of isoamyl alcohol production were 
simultaneously increased in strains Cu1, Cu2, Cu4, Cu5, and Cu6 so that their E/A 
values were kept at around the control level (0.6 – 0.8).   In the other mutants such as 
Cu3, Cu7, and Cu8, however, the E/A values (1.2 – 2.4) were apparently higher than 
that of the parent strain, supporting our hypothesis regarding the relationship between 
the Cu2+-resistant phenotype and a functional mechanism for the activation or 
production of AATase.   Unlike the case with these Cu2+-resistant strains, the E/A 
ratios were kept in a range of 0.6 – 0.8 when flavor compound production was 
examined using 8 Cu2+-sensitive strains, which were isolated from the parent strain 2NF 
independently on YPD agar plates without the addition of Cu2+ (data not shown).    
 
II-3-3. AATase activity in Cu2+-resistant strain Cu7    
   I subsequently focused our attention on the Cu2+-resistant strain Cu7 because of its 
FPy-resistant phenotype as well as the highest E/A value.   This strain showed the 
highest level of isoamyl acetate production even under the condition where isoamyl 
alcohol accumulated to the lowest extent among Cu2+-resistant strains isolated in this 
study (see Table 2-2).   I therefore examined how cells of strain Cu7 produced 
AATase as the most probable cause of the highest E/A ratio, in comparison with the 
mode of its production by the parent strain 2NF.   In cells of the parent strain, AATase 
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activity was detected at a significant level after 2 days of incubation with the following 
increase to yield an optimum value at 3 days of cultivation, as shown in Fig. 2-2.   
The enzyme activity was then reduced to 40% of the optimum level attained after 4 days 
of incubation.    The most characteristic feature of AATase production by the mutant 
strain was its marked increase up to 1.8 fold of that achieved by the parent strain even at 
2 days of incubation.   The enzyme activity was slightly increased to give an optimum 
value at 3 days of cultivation, being reduced as was the case with the control experiment.   
This is consistent with the elevation of the level of isoamyl acetate production by strain 
Cu7. 
 
II-3-4. Sake brewing test using Cu2+-resistant strain Cu7    
   I finally examined whether or not the mode of flavor compound production could be 
improved using strain Cu7 in sake brewing on a laboratory scale.   As summarized in 
Table 2-3, the fermentation pattern of strain Cu7 was comparable to that of the parent 
strain with regard to various parameters such as ethyl alcohol productivity and acidity.   
In such a pilot-scale experiment, the parent strain 2NF could also produce isoamyl 
acetate with an increased yield such as represented by an E/A ratio of 3.0.   This 
should partly depend on an increase in the level of isoamyl alcohol accumulation (322 
mg/L) under a condition suitably designed for alcohol fermentation.   Even under such 
a condition, the E/A ratio could still be increased up to 4.9 at the final stage of 
fermentation by strain Cu7, although the level of its isoamyl acetate production was 
comparable to that of the parent strain.   Such a characteristic mode of flavor 
compound production could be attributed to regulation of the metabolic pathway for 
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isoamyl alcohol production in addition to the elevation of AATase activity in this mutant 
strain.   Further studies on such a regulation should yield valuable information to 
improve sake brewing.    
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II-4. Conclusion 
The sake yeast mutant A1 was previously isolated as a strain resistant to an 
isoprenoid analog, and used for industrial sake brewing because of its increased 
production of isoamyl acetate.  In this study, we identified a physiological event more 
closely related to the elevation of alcohol acetyltransferase (AATase) activity in strain 
A1, and applied this finding for the isolation of another mutant with an improved 
capacity of flavor compound production.  Strain A1 revealed an additional phenotype 
showing resistance to Cu2+, as seen from its growth and isoamyl acetate production even 
in medium with the ion at 6 mM.   I successfully isolated mutant strains with an 
increased isoamyl acetate production capacity from the sake yeast strain 2NF on the 
basis of a Cu2+-resistant phenotype at a high yield.   Among them, strain Cu7 was 
characterized by the ability of producing isoamyl acetate at the highest concentration 
under the condition where isoamyl alcohol as its precursor was accumulated to the 
lowest extent.  Such a phenotype of strain Cu7 is applicable for the practical 
production of an alcoholic beverage of excellent quality in terms of flavor.    
  43 
II-5. References 
Fujii T, Kobayashi O, Yoshimoto H, Furukawa S, Tamai Y. Effect of aeration and 
unsaturated fatty acids on expression of the Saccharomyces cerevisiae alcohol 
acetyltransferase gene. Appl Environ Microbiol 1997; 63: 910-915 
Furukawa K, Yamada T, Mizoguchi H, Hara S. Increased alcohol acetyltransferase 
activity by inositol limitation in Saccharomyces cerevisiae in sake mash. J 
Biosci Bioeng 2003; 96: 380-386 
Hamada M, Nishio K, Doe M, Usuki Y, Tanaka T. Farnesylpyridinium, an analog of 
isoprenoid farnesol, induces apoptosis but suppresses apoptoic body formation 
in human promyelocytic leukemia cells. FEBS Lett 2002; 514: 250-254 
Hamada M, Ohata I, Fujita K, Usuki Y, Ogita A, Ishiguro J, Tanaka T. Inhibitory activity 
of 1-farnesylpyridinium on the spatial control over the assembly of cell wall 
polysaccharides in Schizosaccharomyces pombe. J Biochem 2006; 140: 851-859 
Haug J S, Goldner C M, Yazlovitskaya E M, Voziyan P A, Melnykovych G. Directed 
cell killing (apoptosis) in human lymphoblastoid cells incubated in the presence 
of farnesol: effect of phosphatidylcholine. Biochim Biophys Acta 1994; 1223: 
133-140 
Hirai Y. Characteristic of Koshi-yeast. Shukenkaihou 1970; No.6: 36-49 (in Japanese) 
Hirooka K, Yamamoto Y, Tsutsui N, Tanaka T. Improved production of isoamyl acetate 
by a sake yeast mutant resistant to an isoprenoid analog and its dependence on 
alcohol acetyltransferase activity, but not on isoamyl alcohol production. J 
Biosci Bioeng 2005; 99: 125-129 
Machida K, Tanaka T, Fujita K, Taniguchi M. Farnesol-induced generation of reactive 
  44 
oxygen species via indirect inhibition of the mitochondrial electron transport 
chain in the yeast Saccharomyces cerevisiae. J Bacteriol 1998; 180: 4460-4465 
Melnykovych G, Haug J S, Goldner C M. Growth inhibition of leukemia cell line 
CEM-C1 by farnesol: effects of phosphatidylcholine and diacylglycerol. 
Biochem Biophys Res Commun 1992; 186: 543-548 
Ohizumi H, Masuda Y, Nakajo S, Sakai I, Ohsawa S, Nakaya K. Geranylgeraniol is a 
potent inducer of apoptosis in tumor cells. J Biochem 1995; 117: 11-13 
Okazaki N. Analysis methods of sake and compound sake. In: Nishiya, T. (Eds.), 
National Tax Administration of Japan prescript analysis methods with note (4th 
ed.). Brewing Society of Japan, Tokyo, 1993. pp. 7-33. 
Sahara H, Kotaka A, Kondo A, Ueda M, Hata Y. Using promoter replacement and 
selection for loss of heterozygosity to generate an industrially applicable sake 
yeast strain that homozygously overproduces isoamyl acetate. J Biosci Bioeng 
2009; 108: 359-364 
Verstrepen K J, Van Laere S D M, Vanderhaegen B M P, Derdelinckx G, Dufour J-P, 
Pretorius I S, Winderickx J, Thevelein J M, Delvaux F R. Expression levels of 
yeast alcohol acetyltransferase genes ATF1, Lg-ATF1, and ATF2 control the 
formation of broad range of volatile esters. Appl Environ Microbiol 2003; 69: 
5228-5237 
Verstrepen K J, Derdelinckx G, Dufour J-P, Winderickx J, Pretorius I S, Thevelein J M, 
Delvaux F R. The Saccharomyces cerevisiae alcohol acetyl transferase gene 
ATF1 is a target of the cAMP/PKA and FGM nutrient-signalling pathways. 
FEMS Yeast Res 2003; 4: 285-296 
  45 
Yoshioka K, Hashimoto N. Ester formation by alcohol acetyltransferase from brewers’ 
yeast. Agric Biol Chem 1981; 45: 2183-2190 
Yoshioka K, Hashimoto N. Cellular fatty acid and ester formation by brewers’ yeast. 
Agric Biol Chem 1983; 47: 2287-2294 
  46 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-1. Growth inhibitory effects of Cu2+ on cells of parent strain 2NF 
(A) and FPy-resistant strain A1 (B).  Cells were grown in YPD medium 
containing Cu2+ at 0 (open circles), 2 (closed circles), and 6 mM (open 
squares). 
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Fig. 2-2. Time course of AATase production by cells of parent strain 2NF 
(open circles) and Cu2+-resistant strain Cu7 (closed circle).   Cells were 
grown in YPD medium at 15°C for the indicated times without aeration. 
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TABLE 2-1. Fermentation products of FPy-resistant mutant A1 in YPD  
medium with or without Cu2+ a 
 Addition Ethyl Ethyl  Isoamyl Isoamyl Ethyl E/Ab 
 of Cu2+ alcohol acetate alcohol acetate caproate 
  (mM)  (%)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  
 
 0 3.5 11.7 81.9  2.0  0.8 2.5 
 6 3.5 17.8 62.0  1.6  0.2 2.6 
 
a Fermentation experiments were conducted using 20-mL glass vials that contained 10 
mL of medium at 15°C without aeration.  Fermentation products were analyzed when 
CO2 evolution exceeded 0.18 g in each experiment. 
b E/A indicates the ratio of isoamyl acetate to isoamyl alcohol. 
 
 
 
 
 
 
  49 
 
 
 
 
 
 
TABLE 2-2. Flavor compound production by the parent strain 2NF and its 
Cu2+-resistant mutants a 
Flavor compounds Strain 
    (mg/L) 2NF Cu1 Cu2 Cu3 Cu4 Cu5 Cu6 Cu7 Cu8 
 
Ethyl acetate 2.92 3.45 4.13 5.59 3.43 4.05 3.83 9.23 4.87 
Isoamyl acetate  0.43 0.72 0.63 0.97 0.54 0.59 0.62 1.43 1.01 
Isoamyl alcohol  73.2 87.1 79.0 82.3 85.2 94.6 80.3 59.1 77.5 
E/Ab 0.6 0.8 0.8 1.2 0.6 0.6 0.8 2.4 1.3 
 
a Fermentation experiments were conducted using 20-mL glass vials that 
contained 10 mL of medium at 15°C without aeration.   Fermentation products 
were analyzed when CO2 evolution exceeded 0.18 g in each experiment. 
b E/A indicates the ratio of isoamyl acetate to isoamyl alcohol. 
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TABLE 2-3. Analyses of final fermentation products of sake brewing using the parent 
strain 2NF and Cu2+-resistant mutant Cu7 a 
Strain Ethyl  Acidity Ethyl Isobutyl Isobutyl Isoamyl Isoamyl Ethyl E/Ab 
   alcohol  acetate alcohol acetate alcohol acetate caproate 
  (%) (mL)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  (mg/L)  
 
2NF 18.9 2.8 137 174 0.8 322 9.6 0.9 3.0 
Cu7 19.2 3.1 176 110 ND 243  11.9 0.8 4.9 
 
a Fermentation experiments were conducted using 300-mL glass beaker that contained a 
mixture of steamed rice, rice koji, and water at the maximum temperature of 15°C.   
Fermentation products were analyzed after 14 days cultivation. 
b E/A indicates the ratio of isoamyl acetate to isoamyl alcohol. 
ND, Not detected. 
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GENERAL CONCLUSION 
 
This thesis deals with the development of sake yeast with an excellent quality such 
as reflected by improved production of isoamyl acetate as one of valuable flavor 
compounds.   This purpose was achieved by the mutant strains depending on the 
FPy-resistant phenotype and then on the Cu2+-resistant phenotype.    
The FPy-resistant mutant A1 was characterized by a nearly 3-folds increase in the 
level of isoamyl acetate production in YPD medium, in which the level of isoamyl 
alcohol production as its precursor was kept at the level comparable to that of the parent 
strain.   As expected from an increased E/A ratio of the fermentation profile, alcohol 
acetyltransferase (AATase) activity was detected at a higher level in strain A1 than that 
in the parent strain, which was further elevated in response to isoamyl alcohol 
accumulation in medium.   There seems to be an upstream regulatory mechanism that 
commonly governs cellular AATase activity and adaptation to FPy-induced events.   
The overall flavor compound production in sake brewing could be improved in the 
pilot-scale experiment, resulting in the achievement of industrial scale sake brewing 
using strain A1.    
Strain A1 revealed an additional phenotype such as a resistance to Cu2+.   This 
phenotype was considered to be more closely related to the elevation of alcohol 
acetyltransferase (AATase) activity in strain A1, so that this phenotype was then applied 
for isolation of another mutant with an improved capacity of flavor compound 
production.  We successfully isolated mutant strains with an increased isoamyl acetate 
production capacity from the sake yeast strain 2NF on the basis of a Cu2+-resistant 
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phenotype at a high yield.   Among them, strain Cu7 was characterized by its 
resistance to FPy, and was evaluated for its ability of producing isoamyl acetate at the 
highest concentration under the condition where isoamyl alcohol was accumulated to 
the lowest extent.  The fermentation profile of strain Cu7 was indeed characterized by 
an increase E/A ratio, in addition to the improved flavor production in sensory 
evaluation.   Such a superior characteristic of strain Cu7 is applicable for the practical 
production of an alcoholic beverage of excellent quality in terms of flavor and taste.    
   The results in this thesis strongly suggest the existence of a mechanism, which 
commonly functions for FPy-resistant and Cu2+-resistant phenotypes, as well as its 
relation to the mechanism for regulation of cellular AATase activity.   The study on 
this point should contribute for further improvement of sake brewery.   
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